Protonated crystals of glycine silver nitrate (C 4 H 10 Ag 2 N 4 O 10 ) undergo a displacive kind of structural phase transition to a ferroelectric phase at 218 K. Glycine silver nitrate (GSN) is a light-sensitive crystal. Single-crystal X-ray diffraction investigations are difficult to perform on these crystals due to the problem of crystal deterioration on prolonged exposure to Xrays. To circumvent this problem, single-crystal neutron diffraction investigations were performed. We report here the crystal structure of GSN in a ferroelectric phase. The final R value for the refined structure at 150 K is 0.059. A comparison of the low-temperature structure with the roomtemperature structure throws some light on the mechanism of the structural phase change in this crystal. We have attempted to explain the structural transition in GSN within the framework of the vibronic theory of ferroelectricity, suggesting that the second-order Jahn-Teller (pseudo-JahnTeller) behavior of the Ag + ion in GSN leads to structural distortion at low temperature (218 K).
Protonated crystals of glycine silver nitrate (C 4 H 10 Ag 2 N 4 O 10 ) undergo a displacive kind of structural phase transition to a ferroelectric phase at 218 K. Glycine silver nitrate (GSN) is a light-sensitive crystal. Single-crystal X-ray diffraction investigations are difficult to perform on these crystals due to the problem of crystal deterioration on prolonged exposure to Xrays. To circumvent this problem, single-crystal neutron diffraction investigations were performed. We report here the crystal structure of GSN in a ferroelectric phase. The final R value for the refined structure at 150 K is 0.059. A comparison of the low-temperature structure with the roomtemperature structure throws some light on the mechanism of the structural phase change in this crystal. We have attempted to explain the structural transition in GSN within the framework of the vibronic theory of ferroelectricity, suggesting that the second-order Jahn-Teller (pseudo-JahnTeller) behavior of the Ag + ion in GSN leads to structural distortion at low temperature (218 K).
Introduction
Ferroelectricity in glycine silver nitrate (GSN) was discovered in 1957 by Pepinsky et al. (1957) . They reported the Curie temperature (T C ) to be 218 K with space groups above and below T C being P2 1 /a and P2 1 , respectively. Unlike other ferroelectric glycine complexes, which undergo orderdisorder ferroelectric phase transitions, this crystal undergoes a displacive type of structural phase transition with a very small transition entropy (Choudhury et al., 2008) . Deuteration is found to raise the transition temperature by 15 K (Gesi & Ozawa, 1977) . The earlier IR study (Warrier & Narayanan, 1967) , proton magnetic resonance investigation (Easwaran, 1966) as well as room-temperature single-crystal X-ray diffraction study (Rao & Viswamitra, 1972) indicated that protons did not play any major role in the ferroelectric phase change, and the role of silver ions was suggested to be crucial. It is difficult to obtain good quality X-ray diffraction data from a GSN crystal as it is light-sensitive and prolonged exposure to X-rays leads to crystal deterioration. Due to this limitation, in order to obtain the room-temperature structure Rao & Viswamitra (1972) had to collect three data sets from six crystals and the R-value for the refined structure was high. As a continuation of our low-temperature powder X-ray diffraction investigation (Choudhury et al., 2008) conducted in order to obtain GSN structure in the ferroelectric phase, large single crystals of GSN were grown. A way to circumvent the problem of the crystal deterioration on light exposure is to perform a neutron diffraction experiment instead. Hence, a lowtemperature single-crystal neutron diffraction investigation was undertaken. Since in this case the sample was enclosed in an aluminium cryostat, the exposure to light was minimal. We report here the crystal structure of GSN in the ferroelectric phase. A comparison of the low-temperature structure with a room-temperature structure throws some light on the mechanism of the structural phase change in this crystal.
Ferroelectrics are traditionally categorized as being either displacive or of the order-disorder type. The distinction is made on the basis of the fact that microscopically the paraelectric phase of the displacive ferroelectrics is non-polar, whereas the paraelectric phase of the order-disorder ferroelectrics is non-polar only in a thermally averaged sense (Lines & Glass, 1977) . This distinction between the two types of ferroelectrics can also be made on the basis of the dynamics of the phase transition, specifically whether a soft mode, which is responsible for the structural phase change, is of propagating or diffusive character. A propagating soft mode is a damped optic phonon representing small quasi-harmonic motion about a mean position, whereas a diffusive soft mode is not a phonon at all but represents large-amplitude thermal hopping motion between the wells (Lines & Glass, 1977) . As stated earlier, most of the ferroelectric glycine complexes such as triglycine sulfate, diglycine nitrate, glycine phosphite etc. belong to the order-disorder type, but glycine silver nitrate is an exception as in this case the phase transition is found to be displacive in nature just like the case of perovskite ferroelectrics. The tendency of the material to undergo a displacive ferroelectric transition can be understood within the framework of vibronic coupling theory (Bersuker & Vekhter, 1978; Bersuker, 2001; Rondinelli et al., 2009 ) where it appears as the second-order term in the expansion of total energy with respect to atomic displacements (Q)
where
Here 0 j i is the lowest energy solution of H (0) and n j i are excited states with energies E (n) ; H (1) and H (2) capture the vibronic coupling between the displacements of the ions (Q) from their positions and the electron distribution. The firstorder term 0 h jH ð1Þ 0 j iQ describes the first-order Jahn-Teller effect. This term is non-zero only for orbitally degenerate states. The second-order term has two parts: the first K s ¼ 0 h jH ð2Þ 0 j iQ 2 is the static elastic force constant representing hindrance to the motion of nuclei in the frozen ground-state electron distribution, hence K s > 0. The second term K v ¼ À2 P n 0jH ð1Þ jn 2 =ðE ðnÞ À E ðoÞ Þ represents the relaxation of the electron distribution due to the displacement-induced vibronic coupling between the ground state and the excited state (Bader, 1962) since this coupling lowers the ground-state energy K v < 0. The overall sign of the secondorder term depends on the sum K s + K v and it is possible for the second-order term to be negative if K v overbalances K s (Wei et al., 1993) . There can be an atomic displacement that strengthens the coupling between the low-lying excited state and ground state thereby making the K v term larger than the K s term thus stabilizing the distorted structure. This is called the second-order Jahn-Teller effect (SOJT) or pseudo-JahnTeller effect. The second-order Jahn-Teller effect deals with molecules having close electronic states within about 4 eV of each other (Pearson, 1969) . Structural instability is high in the crystals having small K s for an appropriate atomic displacement and also having a low-lying excited state that couples strongly with the ground state through the given atomic displacement. This theory successfully explains the displacive ferroelectric transition in perovskite ferroelectrics (ABO 3 type compounds) such as barium titanate etc. (Ghosez et al., 1998) . In this work we have attempted to explain the structural transition in GSN within the framework of the vibronic coupling theory.
Experiment
Single crystals of GSN were grown at BARC by mixing analytical-grade -glycine and silver nitrate in double distilled water in the stoichiometric ratio 1:1 and allowing the solution to evaporate slowly at constant temperature (293 K) in a darkened chamber. The crystals were recrystalized twice in order to obtain the good quality large crystals suitable for single-crystal neutron diffraction investigations. The crystals obtained were characterized by recording their powder X-ray diffraction pattern at room temperature (293 K) and comparing the experimentally obtained pattern with those generated from the reported room-temperature structure of GSN (Rao & Viswamitra, 1972) .
A clear transparent single crystal of approximate dimensions 6 Â 2 Â 1 mm was mounted in a cryostat located at TriCS (Schefer et al., 1990) , at SINQ (Fischer, 1997) , PSI. In order to ascertain the existence of the structural phase transition, integrated neutron counts for 333 Bragg reflections were recorded at room temperature and then the temperature was lowered to 150 K (only 71% room-temperature data with sin / 0.41 Å À1 could be recorded due to a time limitation). The intensities of h0l (h = 2n + 1)-type reflections were recorded both above and below T C (Fig. 1) . Such reflections are absent for crystals with the space group P2 1 /a, but they are present for crystals with the space group P2 1 . The observation of intensities for h0l (h = 2n + 1)-type reflections only at low temperature ( Fig. 1) confirmed the existence of the structural phase change with temperature.
A restrained crystal structure refinement was attempted with the limited room-temperature data using the structure refinement software SHELXL97 (Sheldrick, 2008) ; details of the refinement are given in Table 1 .
1 The cell parameters and the starting atomic coordinates for all the non-H atoms were taken from the reported room-temperature structure of GSN (Rao & Viswamitra, 1972) . The interatomic distances of covalently bonded atoms belonging to glycine and nitrate molecules were restrained to their respective average covalent bond-length values as quoted in the literature, with a standard uncertainty of 0.02 Å using DFIX instructions in SHELXL97. Only isotropic refinement could be performed so as to keep the reflection-to-parameters ratio as high as possible. The structure obtained was compared with the reported roomtemperature structure (Rao & Viswamitra, 1972) . Two structures were found to be identical within the standard uncertainties.
Neutron counts for 1116 unique Bragg reflections at 150 K (low temperature) were recorded in the symmetrical setting of the diffractometer using the -2 coupled step scan mode. Cell parameters were obtained after refinement using the positions of about 50 reflections chosen randomly from the entire sin / range. The background was scanned for a minimum of 1 on either side. The standard reflections were measured after every 25 reflections. The variation of the standard reflection intensity was within 3%. The data collection and refinement details are summarized in Table 1 . The structure was solved ab initio using the structure solution software SHELXS97 (Sheldrick, 2008) . The starting parameters obtained from SHELXS97 were subjected to a series of isotropic and anisotropic full-matrix least-squares refinement using the software SHELXL97. The nuclear scattering lengths reported at the NIST web site (Sears, 1992) were used in the refinement. All the reflections including negative F 2 o were used for refinement. In the initial stages of refinement the weight (w) was taken to be 1=ðF 2 o Þ, which was derived using counting statistics. All the H atoms were located from the difference Fourier map and refined anisotropically.
Comparison between room-and low-temperature structures
On analyzing the low-temperature crystal structure of GSN closely we found a one-dimensional silver-based coordination polymeric structure (Khlobystov et al., 2001 ). Metal-directed supramolecular self-assembly leads to the construction of many fascination molecular architectures (Carlucci et al., 2002) . Supramolecular coordination polymers are generated by self-assembly of complementary monomeric units linked through non-covalent contacts. A monomeric unit ( Plot of the intensity profile for (a) (10 " 4 4) and (b) ( " 1 105) reflections at room and low temperature. Data collected at TriCS, SINQ.
Figure 2
Crystal packing in GSN at low temperature.
weaker coordinate interactions (Ag-O distances lying in the range 2.7-2.9 Å ) along the a-axis and by hydrogen-bonded interactions to NO 3 + counterions along the b-axis (Fig. 2b) . Glycine ligand has a large number of rotational conformers (Bludsky et al., 2000) ; we have found that at both room and low temperature the conformation of glycine is non-planar (i.e. if we consider the five non-H atoms of glycine all atoms except nitrogen lie nearly in a plane and the N atom lies out of this plane by $ 0.4 Å ). There is no change in glycine conformation across the phase transition.
It is observed that all the atoms of GSN undergo displacements to a varying degree as the crystal undergoes a structural phase change. Fig. 3 shows the room-temperature structure of GSN monomer overlaid on the low-temperature structure. H atoms being the terminal atoms undergo larger displacements than the non-H atoms. Since our roomtemperature data are highly limited, forcing us to the restrained structure refinement at room temperature, we analyze the movement of the individual non-H atoms with temperature using the atomic coordinates reported by Rao & Viswamitra (1972) . The structure visualization software Mercury (Macrae et al., 2006) was used to compare the GSN structure at two temperatures. The least-squares overlay of two structures has been performed. The average relative displacement of the non-H atoms on lowering the crystal temperature to 150 K was of 0.06 Å . Table 2 gives a detailed comparison between the molecular structure in the high-temperature, high-symmetry paraelectric phase (Rao & Viswamitra, 1972) with the structure in the low-temperature, lowsymmetry ferroelectric phase. Due to the atomic displacements, the center of inversion disappears in the lowtemperature phase and the number of atoms in an asymmetric unit doubles as a result. As a consequence of the displacement of atoms in the lowtemperature phase the center of gravities of the positive and negative charges in a monomer no longer coincide and a net dipole moment develops, resulting in a non-zero spontaneous polarization in the crystal. This structural distortion is the origin of the spontaneous polarization in GSN.
Intermolecular interactions
There are two main types of intermolecular interactions holding the molecules together in GSN crystals (Fig. 4) : firstly, the hydrogen-bond interactions between the -NH 3 + group of glycine zwitterions and the nitrate counterions holding the one-dimensional polymeric chains along the b-axis (Fig. 2b) ; secondly, the coordination interaction between the silver ions and the surrounding O atoms. A comparison between the strengths of these intermolecular interactions for temperatures above and below T C can throw some light on the mechanism of the phase transition in GSN. In order to compare the intermolecular interactions we have used our low-as well as room-temperature neutron structures since it is important to know the hydrogen positions for analyzing hydrogen-bonding interaction, but there are no Room-temperature structure of GSN superimposed on the lowtemperature structure; origins of both structures are shifted to the molecular centroids in order to compare the two structures. Computer programs: HKLgen, Rafin, TriCs_ccl, SHELXL97, SHELXS97 (Sheldrick, 2008) , ORTEP (Johnson, 1965) . † Cell parameters taken from Rao & Viswamitra (1972) .
hydrogen positions reported in the room-temperature X-ray structure (Rao & Viswamitra, 1972) . Table 3 (a) gives the details of N-HÁ Á ÁO hydrogen bonds in GSN at two temperatures. The donor-acceptor distances at room temperature vary between 2.824 and 3.024 Å , whereas the donor-acceptor distances at low temperature vary between 2.831 and 3.064 Å . This indicates that all the N-HÁ Á ÁO bonds in the paraelectric and ferroelectric phases are from weak to moderate strength (Steiner, 2002) with hydrogen-bond energies less than 0.2 eV. Table 3(a) shows no marked change in the hydrogen-bond strengths, although there is some rearrangement of hydrogen bonds across the phase transition. We infer from this that GSN is not a typical hydrogen-bonded ferroelectric-like potassium dihydrogen phosphate (Nelmes, 1987) where the hydrogen bonds involved in the phase change are very strong (Steiner, 2002) , having energies of the order of 1 eV or more, and a change in hydrogen-bond dynamics initiates a structural phase change.
There are five O atoms and one Ag atom within a coordination sphere of radius 3 Å around a silver ion in GSN, hence silver coordination can be assumed to be distorted octahedral. Table 3 (b) gives the details of silver coordination at two temperatures. There is a marked difference in the silver coordination at temperatures above and below T C (Fig. 4) . There is a shortening of the Ag Intermolecular interactions in GSN. (6) Both room-and low-temperature values are taken from the neutron structure reported in this paper.
Table 2
Comparison between bond lengths (Å ) and angles ( ) of glycine and nitrate ions of GSN at room (293 K) and low temperature (150 K).
Room-temperature values taken from the structure reported by Rao & Viswamitra (1972 
123 (2) and some of the Ag-O distances also change by $ 0.1 Å as the crystal temperature is lowered from room to 150 K. In this respect GSN is similar to ferroelectric perovskites where the phase change results in the distortion of oxygen octahedra and the metal-oxygen distances change by approximately similar amounts (Lines & Glass, 1977) . We have used the valence bond theory proposed by Brown (2009) to estimate the relative strength of the intermolecular interactions in GSN. The bond valence for each of the Ag-O coordination bonds as well as OÁ Á ÁH hydrogen bonds are obtained using the following expression
where d ij is the distance between the ith and jth atoms, b is a universal constant with the value 0.37 Å and the bond-valence parameter R ij was taken from the literature (Brese & O'Keeffe, 1991) . Although there is no rigorous way of deriving the bond energy from the bond valence, the following approximate expression was suggested by Brown (2009)
Here a is a constant with the value 7 eV v.u. À2 . Tables 3(a) and (b) list v ij as well as E ij values for all the intermolecular interactions. We observe that Ag-O coordination bonds are in general stronger than the OÁ Á ÁH hydrogen bonds. Moreover, relative changes in the Ag-O coordination bond energies as temperature decreases from room temperature to 150 K are more noticeable than those in the OÁ Á ÁH hydrogenbond energies. These observations support the conclusions that the main driving mechanisms of the phase change in GSN are the distortions of its silver coordination octahedra, and hydrogen bonding plays only a secondary role in the phase change.
Density functional theory (DFT) calculations
Starting with our GSN neutron structures, a theoretical electron density for GSN monomer in room-and low-temperature phases was obtained using DFT calculations. We performed DFT calculations at the B3LYP/3-21G level of theory. All the calculations were carried out using the GAMESS-UK program (Guest et al., 2005) . We employed the relatively simple 3-21G basis set for these calculations due to the limitations imposed by the computation facility available and the large size of the molecular unit. Even though the calculated value of the electron density is sensitive to the quality of the basis used, the conclusions obtained from the comparison of these values for different molecular geometries are not influenced by this limitation. The theoretical molecular electron density was analyzed using the quantum theory of atoms in molecules (AIM; Bader, 1991) ; the critical point details were obtained using AIMPAC software (Keith et al., 1995) . A bond critical point (BCP) exists between the two nearest silver ions, which is a clear indication of the existence of a bonded interaction between the two. Local energy density (E d ) at the BCP between the two silver ions is negative (E d < 0), showing a significant covalent contribution in the interaction. Two ring critical points were also observed in the plane containing the two bonded silver ions along with the four O atoms nearest to these Ag + ions. A change in electron density around the silver ion across the phase transition is evident from the difference in the density values at the critical points (Table 4) for the two temperatures.
Since displacement of the Ag + ion is considered to be crucial for the structural phase transition, we have attempted to study the effect of the change in the Ag + -Ag + distance. Keeping all the atoms except an Ag + ion fixed to their roomtemperature positions we gradually changed the silver-silver separation by moving one of the two ions labeled Ag (Fig. 5) . The Ag + (S)-Ag + (M) separation was gradually changed from the roomtemperature value to the low-temperature value and beyond. We calculated the single-point ground-state molecular energies for each of the generated molecular configurations. The influence of changing the Ag + (M)-Ag + (S) distance on the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) separation is discussed in the next section.
Structural phase transition
Since the silver ion (Ag + ) plays a key role in the structural phase transition in GSN it is important to look into the chemistry of silver ions before we can hope to understand the structural phase change in GSN. The Ag + ion has a closed d Figure 5 Change of Ag (Cu, Ag, Au), it exhibits a tendency to form homoatomic d 10 -d 10 interactions (Jansen, 1987) , which can be thought of as bonds with a weak covalent character (El-Bahraoui et al., 1998) + distance in our lowtemperature structure is 2.804 Å , which is only 0.15 Å more than the minimum reported Ag + -Ag + distance (2.654 Å ); this indicates the silver-sliver bonds in the low-temperature phase of GSN are strong]. The existence of the bond critical point between two Ag + ions with reasonably good electron density confirms the existence of a bonded interaction between the two. Electron density and the local energy density at the Ag + -Ag + critical point is approximately one tenth of that at the C-C bond critical point. This gives an estimate of the strength of the Ag + -Ag + interaction in comparison to the standard C-C single bond. In fact, the change in the strength of these d 10 -d 10 bonds with decreasing crystal temperature (Table 4) is the likely reason for the observed structural distortion in GSN crystals at T C . This fact is discussed below in more detail.
We can apply the vibronic coupling theory (as discussed in x1) to the specific case of GSN crystals in order to explain the structural phase transition observed in these crystals at low temperature. Our calculations show that as the Ag
between HOMO and LUMO also decreases (Fig. 6a) , as a result the value of the K v term in the expression of total energy E [equation (1)] will increase. As explained in x1, when this K v term prevails over the K s term denoting the static elastic restoring force, the structural distortion is stabilized, resulting in a structural phase change. We propose the following mechanism for the phase transition in GSN: initially in the paraelectric phase the d 10 -d 10 interactions between silver ions are weak, hence small ionic displacements Q lead to an increase in the total energy due to larger elastic restoring forces denoted by K s compared with the electronic coupling denoted by the K v term. (Wei et al., 1993) .
The rearrangement of the electrons as a result of the atomic displacement leads to a change of molecular polarization. The dynamic atomic charge of an atom M defined as Z M * = P/u M (Rondinelli et al., 2009; Pearson, 1969) gives a measure of the change in the net polarization due to ionic displacement. A large value of Z M * is considered to be an indication of the tendency of the ions to undergo some displacements. For example, in the cubic phase of BaTiO 3 the formal charge of the Ti ion is +4, but its dynamic charge is almost +7, indicating the large tendency of the Ti ion to undergo displacement towards an oxygen (Rondinelli et al., 2009) . We have estimated the value of Z M * for the moving silver ion Ag + (M) by plotting the calculated molecule polarization against the displacement of the Ag + (M) ion (Fig. 6b) . The dynamic charge of Ag + (M) as obtained from the slope of a polarization versus displacement graph is 1.17 e, whereas its formal charge is 1 e and its static charge (Pearson, 1969) obtained from the electron density calculation is only 0.25 e. This demonstrates that the Ag + ion in this structure has a tendency to undergo a displacement. Hence, the ferroelectric transition in GSN results because of the tendency of the Ag + ion to undergo an atomic displacement so that the Ag + -Ag + separation reduces; this strengthens the coupling between the low-lying excited state and the ground state of the molecule, thereby resulting in a second-order Jahn-Teller distortion of the structure.
Conclusion
We have measured and refined the structure of glycine silver nitrate (GSN) in the ferroelectric phase by means of lowtemperature single-crystal neutron diffraction. The final R value for the refined structure at 150 K is 0.059. A comparison between the GSN crystal structure in the ferroelectric phase and the earlier reported GSN structure in the paraelectric phase shows that all the atoms of GSN undergo displacements to a varying degree as the crystal undergoes a structural phase change. The average displacement of the non-H atoms on lowering the crystal temperature from room temperature to 150 K is of the order 0.06 Å . Due to the structural distortion resulting from atomic displacement, the center of inversion disappears in the low-temperature ferroelectric phase, yielding a structural phase transition from P2 1 /a to P2 1 . No marked change in the strength of the hydrogen bonds is observed as the crystal temperature is lowered from room temperature to 150 K. The silver coordination changes significantly across the phase transition temperature (T C ). The Ag + -Ag + distance reduces by 0.09 Å , indicating an increase in the strength of the homoatomic d
-d
10 bonds between the silver ions. The displacive ferroelectric structural phase transition in GSN is explained within the framework of vibronic theory of ferroelectricity, which incorporates the coupling of electronic distribution with nuclear displacements. The origin of dipolar instability is mainly due to the second-order JahnTeller behavior of Ag + ions in GSN.
